Introduction
Radical polymerization occupies an important position in commercial polymer production because of the scope of applicable monomers, the functional group tolerance, the wide range of reaction conditions and the lower relative infrastructure costs. Unfortunately, these conventional reactions have significant limitations with respect to a chemist's ability to control the molecular weight distribution, molecular architecture and composition of the polymers. In order to exact this control, several methodologies have been developed which reduce radical concentrations and efficiently exchange dormant chains with reactive radical species in order to minimize bimolecular termination reactions. The nature of the dormant chain differentiates these processes, with nitroxide-mediated radical polymerization (NMP) [1] [2] exploiting the reversible cleavage of a nitroxidecarbon bond, thiocarbamates supporting a reversible addition-fragmentation transfer (RAFT) 2-3 pathway and ruthenium and copper complexes mediating the exchange of halogen-capped polymer chains through an atom transfer radical polymerization (ATRP). [4] [5] Together these processes are termed controlled radical polymerization (CRP) and provide extraordinary control over polymer molecular weight and molecular weight distributions.
Great interest has been placed on the development of CRP mediated by transition metals due to the inherent tunability of metal complexes through alteration of the ligand framework and the flexibility of metal oxidation states in supporting one-electron transformations. [6] [7] While ATRP dominates metal-mediated radical polymerization, organometallic mediated radical polymerization (OMRP) is experiencing significant growth. 8 OMRP involves trapping radicals through the formation of a metal-carbon bond to generate an organometallic species. It requires a metal centre with a reversible one-electron redox couple and metal-carbon bonds weak enough to be homolytically cleaved under reaction conditions. Wayland first developed Co-porphyrin complexes for the OMRP of acrylates in 1994. 9 Recently, cobalt-mediated radical polymerizations have been expanded to vinyl acetate using a bis(acetylacetonato) cobalt(II) complex. 10 These systems function optimally when a low-temperature radical initiator, 2,2'-azo-bis(4-methoxy-2,4-dimethylvaleronitrile), is used to establish a degenerative transfer mechanism to exchange growing radical chains. In the presence of electron donors such as water or pyridine this system operates via reversible termination OMRP, also exerting excellent control over vinyl acetate polymerization. [11] [12] [13] While OMRP mechanisms have also been implied for molybdenum, [14] [15] [16] osmium, 17 iron [18] [19] and chromium [20] [21] [22] complexes, these systems do not afford effective control.
The CRP of vinyl acetate is of particular interest because this monomer can only be polymerized through radical mechanisms, the polymers are readily hydrolyzed to form biodegradable poly(vinyl alcohol)s and there remains a paucity of systems capable of controlling this reaction due to the relatively high reactivity of the propagating radical species and the strong bonds these radicals can form with traditional trapping end-groups.
While sulfur-based degenerative transfer methods have been reported, [23] [24] [25] OMRP affords the best level of control, with the aforementioned cobalt system producing polymers with polydispersity indices as low as 1.1. [10] [11] 26 This system is not operationally ideal, however, as it depends upon a thermally unstable azo radical source which must be stored at -20°C and employs polymerization temperatures of 30°C. As the radical polymerization process is exothermic, maintaining low temperatures on industrial scales is a significant challenge, although cobalt-containing macroinitiators have provided improved control in laboratory scale reactions. 26 It is clear that further research is necessary; to both expand the range of complexes and the operational conditions for the CRP of vinyl acetate.
We recently reported our preliminary results on a novel vanadium-mediated radical polymerization where
[BIMPY]VCl 3 , 1, was effective for the CRP of vinyl acetate at 120°C. 27 Herein we expand on these results and present a more detailed picture of the role of the complex in controlling this important polymerization.
We include a computational analysis of a number of potential reaction pathways for this controlled radical polymerization, an expansion of the polymerization scope and details of the electronic nature of the parent complex 1. The system operates at industrially relevant temperatures through a mechanism unique to CRP and shows great promise in the preparation of vinyl ester macromolecular structures. 
General polymerization procedures.
Monomer, catalyst and initiator were placed in an ampoule under inert atmosphere. For reactions carried out under ATRP conditions, the ratios used were 100:1:1 and the initiator was 1-PECl. For reactions carried out under OMRP and r-ATRP conditions, the ratios were 100:1:0.6 and the initiator was AIBN. The ampoule was placed in a preheated oil-bath for the required length of time, then removed from the heat and cooled quickly under running water. Work-up procedures were dependent on the monomer: poly(styrene), poly(methyl methacrylate) and poly(acrylonitrile) samples were dissolved in 5 mL of THF and precipitated into 100 mL of acidified methanol (1% HCl). Poly(vinyl benzoate) was dissolved in CH 2 Cl 2 (5 mL) and precipitated into hexanes (100 mL). For poly(vinyl acetate), poly(vinyl propionate) and poly(vinyl pivalate), excess monomer was removed under reduced pressure. All polymer samples were dried to constant mass and then weighed to determine monomer conversion gravimetrically. packages. Geometry optimizations were performed with Becke's three-parameter exchange functional (B3) 36 in conjunction with the correlation functional proposed by Lee, Yang, and Parr (LYP). 37 Vanadium atoms were modeled using the LANL2DZ effective core potential 38 while all other atoms were modeled using the Pople double-split-valence 6-31G* basis set with polarization; this combination is also known as the LACVP* hybrid basis set. Harmonic frequency calculations were performed on all optimized structures using the B3LYP/LACVP* method to obtain thermochemical data and to confirm whether a structure corresponded to a minimum on the potential energy surface. Previous benchmark calculations on a wide range of inorganic structures including vanadium compounds indicate that such a methodology is more than adequate for our purposes.
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Results and Discussion
The pursuit of new complexes for metal-mediated controlled radical polymerization is often directed towards increasing the scope of applicable monomers within these systems. Poli and Matyjaszewski elegantly showed that certain monomers, such as vinyl acetate, are challenging to control with traditional mediators due to their higher bond dissociation energies when in the capped form. 40 Poli extended this rationalization to explain the interplay between ATRP, OMRP and reaction control in metal-mediated polymerizations. 41 This work suggested that the metal-carbon or metal-halogen bond strengths in copper, ruthenium or iron systems were insufficient to balance the reactivity of more stable monomers.
Of interest to our group was whether vanadium could mediate the CRP of less reactive monomers, including vinyl acetate. Vanadium, specifically a V(II)/V(III) redox couple, was chosen due to the higher redox potentials exhibited in comparison to Cu(I)/Cu(II) systems, coupled with the precedence for V(II) complexes to homolytically cleave carbon-halogen bonds [42] [43] and the stability of V(III) alkyl complexes. [44] [45] While our first report in this field focused on the promise of 1, 27 our initial experiments investigated whether a series of V(II) and V(III) complexes showed promise as ATRP or OMRP mediators.
Vanadium(II) complexes 2-5 are shown in Figure 1 and could potentially access a reversible V(II)/V(III) redox couple. Depending upon reaction conditions, these complexes could enter either an ATRP or OMRP reaction pathway. To establish an ATRP equilibrium, the complexes were reacted with 1-phenylethyl chloride to initiate the formation of radicals in the presence of 100 equivalents of either styrene or vinyl acetate. The reversible homolysis of the vanadium-chlorine and carbon-chlorine bonds would establish control.
Alternatively, an OMRP equilibrium may be established by combining the complex, monomer (100 eq. of styrene or vinyl acetate) and a radical source (AIBN). VAc ATRP 0 n/a n/a n/a 3 VAc ATRP 0 n/a n/a n/a 4 VAc ATRP 0 n/a n/a n/a 5 VAc ATRP 0 n/a n/a n/a In the radical polymerization of vinyl acetate it is clear that all of the V(III) catalysts offer some modicum of control, consistently showing lowered polydispersities and molecular weights than either V(II)-mediated vinyl acetate polymerizations or V(III)-mediated styrene polymerizations. In particular, complex 1 offers excellent control over both molecular weights and polydispersity. This V(III) bis(imino)pyridine complex was first reported as an active catalyst for the oligomerization and polymerization of ethylene 31, 46 and butadiene 47 and the dimerization of propylene. 48 The non-innocence of the BIMPY ligand set is also well documented for vanadium in the decomposition of polymerization catalysts, 46 the activation of molecular nitrogen 49 and, in a more formal sense, in the electrochemical characterization of M(BIMPY) 2 cations. 50 We investigated the CRP of vinyl acetate by 1. Kinetic studies confirmed that the process was first order in (Table 3) . Two one-electron redox processes are observed at negative potentials, with a further one-electron redox couple present at positive potential. The reversibility of the redox couple at 0.78 V is improved at low temperature and so the experiment was completed at 230 K. The reversible couple at positive potential is assigned as a metal-based V III / V IV couple, as ligand oxidative processes are not accessible in the electrochemical window. 50 The reversible redox process at -1.40 V is much more difficult to assign (ligand vs. metal) due to the documented non-innocence of the bis(imino)pyridine ligand framework. [49] [50] [51] [52] The first reduction process is irreversible under the experimental conditions and no significant changes to the CV spectrum were observed when using either CH 2 Cl 2 as the solvent or NBu 4 PF 6 as the supporting electrolyte. Interestingly, the CV curve of the first reduction process does not change with repetitive scanning ( Figure S8 , ESI). This result suggests that the irreversible redox process does not lead to chemical decomposition of the complex and could be a result of substantial reorganization energy of the reduced or oxidized complex. 53 While ligand (
) could account for significant geometrical changes, we favor the former on the basis of the computational studies (vide infra), and reversible ligand reduction processes reported for other transition metal complexes of bis(imino)pyridine ligands. 50 The change in electronic structure upon reduction is likely accompanied by a structural change to form the ligand radical. We cannot discount that chlorine ion loss is occurring upon reduction, but the current CV results suggest that the reversible redox process does not lead to decomposition of the complex on the CV timescale. The overall thermochemistry calculated for the complexes are provided in Table 4 and a reaction coordinate diagram for the various mechanistic possibilities is shown in Figures 5 and 6 . Both the R and S products resulting from Sty  or VAc  addition were calculated as slight differences in energies were noted due to differences in steric interactions between the two potential products. These results demonstrate that this vanadium catalyst operates through a unique, two-step reaction pathway:
dehalogenation to form a reactive V(II) intermediate and reversible OMRP to control the polymerization of vinyl acetate. Control over vinyl acetate is facilitated by both the higher reactivity of the radical species and the participation of the ester group in the trapping step.
Extension of the vanadium-based OMRP reaction.
In an effort to gauge the utility of 1 in CRP we extended our initial reactivity studies in a number of directions. Even with short catalyst lifetimes, higher molecular weight PVAc is accessible by altering the monomer:initiator ratios. Figure 8 details a kinetic study of the growth of polymer chains using 1:AIBN:VAc ratios of 1:0.6:300 and 1:0.6:500 respectively. A linear increase in M n with conversion and moderate PDIs of 1.28-1.38 suggest control is maintained up to M n = 10200 and 15600 Da respectively, correlating to 23% conversion in each case. After 6 h, catalyst degradation results in a loss of control and no further monomer conversion, which suggests that catalyst death is not dependent on the monomer concentration. Further effort was placed on investigating the scope of this vanadium-based OMRP system. Our initial report focused on the polymerization of vinyl acetate and styrene. Styrene, in particular, presents intriguing features.
The computations suggest that the radical trapping reaction is more thermodynamically stable for vinyl acetate than styrene, agreeing with polymerization results. However, elements of control remain. While it is clear that the early stages of the reaction are uncontrolled, a modicum of control is achieved after 10-20% conversion ( Figure S4 , ESI), supported by linear kinetics of monomer consumption ( Figure S5 , ESI). Polydispersities increase to ~1.6 in the early stages of this polymerization but do not rise significantly from this point. These results suggest that tuning the ligand and refining the initiation process are key requirements for expanding the monomer scope and these are areas of current research for our team. Table 5 communicates further monomer screening conducted with 1 under OMRP conditions. As expected, polymerization of the reactive monomers methyl methacrylate (MMA) and acrylonitrile (AN) are uncontrolled, giving high molecular weight polymers with broad polydispersities, in agreement with the aforementioned monomer reactivity trends. 40 Vinyl ester monomers show more promise. At 120°C, vinyl propionate (VPr) and vinyl pivalate (VPv) monomers exhibit good control with polydispersities of 1.35 and 1.36 respectively. Vinyl benzoate (VBz) is less controlled, with a broadened PDI of 1.56. Molecular weights are corrected with vinyl acetate parameters, so some deviation between determined and theoretical molecular weights is expected, and observed, due to differences in hydrodynamic volumes between monomers.
temperatures this decomposition is mitigated somewhat and higher conversions are observed, providing access to moderately high molecular weight poly(vinyl esters). Control over these polymerizations is likely to be facilitated by the participation of the ester carbonyl group in the trapping step, analogous to the minimized structures observed for vinyl acetate vanadium complexes. Our current research is focused principally on catalyst design to access more thermally robust vanadium complexes in an effort to prevent complex decomposition and access higher monomer conversions. Efforts to use OMRP to prepare block copolymers of multiple vinyl esters and telechelic poly(vinyl acetate)s are also underway and will be the focus of a future report.
Conclusions
Given the limited range of transition metal systems currently available for OMRP, expansion to vanadium is and styrene are poorly controlled by this system, it is also active for other vinyl esters, with unoptimized screening reactions showing good control over molecular weights and reasonable PDIs.
